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The Salmonella typhimurium type III secretion effec-
tor protein SifA is essential for inducing tubulation
of theSalmonellaphagosomeandbinds themamma-
lian kinesin-binding protein SKIP. Coexpression of
SifA with the effector SseJ induced tubulation of
mammalian cell endosomes, similar to that induced
by Salmonella infection. Interestingly, GTP-bound
RhoA, RhoB, and RhoC also induced endosomal tu-
bulation when coexpressed with SseJ, indicating
that SifA likely mimics or activates a RhoA family
GTPase. The structure of SifA in complex with the
PHdomain of SKIP revealed that SifA has twodistinct
domains; theamino terminusbindsSKIP, and thecar-
boxyl terminus has a fold similar to SopE, a Salmo-
nella effector with Rho GTPase guanine nucleotide
exchange factor activity (GEF). Similar to GEFs, SifA
interacted with GDP-bound RhoA, and purified SseJ
and RhoA formed a protein complex, suggesting
that SifA, SKIP, SseJ, and RhoA family GTPases
cooperatively promote host membrane tubulation.
INTRODUCTION
Salmonellae are medically important intracellular pathogens that
cause a variety of diseases ranging from gastroenteritis to ty-
phoid fever. Salmonella enterica serovar Typhimurium (S. typhi-
murium) invasion and replication within host cells requires the
delivery of effector proteins to the host cytosol by two type III
secretion systems (TTSS), which are located on Salmonella
pathogenicity island (SPI)-1 and -2 (Haraga et al., 2008). Bacte-
rial mediated macropinocytosis is induced by translocation of
SPI1 effectors across the plasma membrane. Several SPI1
effectors facilitate invasion and alter inflammatory responses,
in part, by manipulating various host small Rho family GTPases.
Following internalization, salmonellae reside and replicate within434 Cell Host & Microbe 4, 434–446, November 13, 2008 ª2008 Elsa phagosome. From there, SPI2 effectors are translocated to
the cytoplasmic face of the phagosome membrane, where
they promote intracellular replication and virulence by undefined
mechanisms.
One SPI2-dependent morphological alteration observed dur-
ing infection is the formation of tubular membranous extensions
of the phagosome, which are microtubule dependent and have
been termed Sif for Salmonella-induced filaments (Brumell
et al., 2002; Garcia-del Portillo et al., 1993). The phagosome
and Sif (also referred to as phagosome tubulation for conceptual
simplicity) colocalize with markers of late endosomes and lyso-
somes, suggesting that they form from these compartments
(Brumell et al., 2001b). SifA is an SPI2 TTSS effector, which local-
izes to the phagosome and is required for its tubulation (Brumell
et al., 2002; Stein et al., 1996). S. typhimurium DsifAmutants are
attenuated for virulence in mice and for intracellular replication
in cultured macrophages, indicating that phagosome tubulation
is likely an important pathogenic mechanism that promotes
intracellular replication (Beuzon et al., 2000; Stein et al., 1996).
Other SPI2 effectors that localize to the phagosome, including
SseF, SseG, SopD2, and PipB2, have been shown to modulate
phagosome tubulation; however, only SifA seems to be abso-
lutely required (Guy et al., 2000; Jiang et al., 2004; Knodler and
Steele-Mortimer, 2005). SifA binds to a host protein termed
SifA kinesin interacting protein (SKIP) that also binds the plus-
end-directed microtubule motor kinesin (Boucrot et al., 2005).
The observation that phagosome tubulation is impaired in
S. typhimurium-infected cells subjected to SKIP siRNA (Boucrot
et al., 2005) suggests that the SifA-SKIP interaction contributes
by manipulating interactions with microtubule motors.
SifA does not have homology to any proteins of known func-
tion but was recently identified as a member of the WxxxE family
of bacterial TTSS effectors that mimic activated small GTPases
or their pathways through a novel mechanism (Alto et al.,
2006). Small GTPases are guanine nucleotide-binding proteins
that interconvert between active GTP-bound and inactive
GDP-bound states as a mechanism for regulating a wide variety
of cellular processes, including actin polymerization, cell division
and polarity, and vesicular trafficking (Takai et al., 2001). Activeevier Inc.
Cell Host & Microbe
SifA and SseJ Cooperate via SKIP and Rho GTPasesGTPases regulate cellular function by recruiting proteins, also
called effectors, which initiate cell-signaling cascades or medi-
ate downstream cellular events. Host GTPases are the target
of bacterial virulence proteins that have guanine exchange factor
(GEF), GTPase activating protein (GAP) (Patel and Galan, 2006),
or guanine dissociation inhibitor (GDI) (Prehna et al., 2006) activ-
ity, suggesting that altering these pathways is a common mech-
anism by which TTSS effectors manipulate host cells.
The TTSS effectors with GTPase mimicry activity were identi-
fied by the presence of a minimal tryptophan (W)- and glutamic
acid (E)-containing (WxxxE) motif, which is essential for their
function, and, in contrast to other effectors that target GTPases,
WxxxE effectors appeared to function by directly mimicking ac-
tivated GTPases (Alto et al., 2006). Characterized members of
this family include Map, IpgB1, and IpgB2, produced by E. coli
and Shigella species, which induce classic actin cytoskeleton
rearrangements like those induced by the activated GTPases
Cdc42, Rac1, and RhoA, respectively (Alto et al., 2006). Effec-
tors with the WxxxEmotif do not have known structural similarity
to GTPases, and their activity is unaltered by GTPase inhibitors,
although their effects require downstream GTPase effector pro-
teins (Alto et al., 2006). Consistent with the possibility that
WxxxE effectors mimic GTPases, IpgB1 was shown to bind to
ELMO, an effector of RhoG, as amechanism to activate cytoskel-
etal rearrangements (Handa et al., 2007). In S. typhimurium, the
WxxxE motif is present in SifA and a similar SPI2 effector SifB
(Alto et al., 2006). Furthermore, SifA contains a carboxy-terminal
CaaXmotif, which is prenylated by PGGT-1, a mammalian protein
geranylgeranyl transferase that lipidates GTPases to facilitate
membrane localization (Reinicke et al., 2005). Therefore, SifA
may function by mimicking an activated GTPase on the phago-
some membrane.
SifA has been shown to regulate the stability of the Salmo-
nella phagosome with the SPI2 effector SseJ, because DsifA
bacteria lose the phagosome membrane and are released into
the cytoplasm in an SseJ-dependent fashion (Ruiz-Albert
et al., 2002). In contrast to its role with SifA in phagosome sta-
bility, SseJ is not essential for the Sif phenotype, as DsseJ bac-
teria are competent for phagosome tubulation (Birmingham
et al., 2005). SseJ has homology to glycerophospholipid-cho-
lesterol acyl transferase enzymes of the lipase superfamily
and localizes to the phagosome membrane during infection
(Freeman et al., 2003). Purified SseJ has deacylase and acyl-
transferase activity in vitro, and SseJ catalytic-triad mutants
that reduce deacylase activity are attenuated for virulence in
mice, indicating that SseJ enzymatic activity contributes to in-
tracellular replication in host tissues (Nawabi et al., 2008; Ohl-
son et al., 2005). To better understand how Salmonella effectors
and host proteins contribute to phagosome tubulation, we in-
vestigated the interaction of SifA and SseJ with host mem-
branes and proteins.
RESULTS
Coexpression of SifA and SseJ in HeLa Cells Induces
Endosomal Tubulation
The observation that SseJ and SifA coordinate the stability of the
Salmonella phagosomemembrane (Ruiz-Albert et al., 2002) sug-
gested that they might function cooperatively to alter host mem-Cell Host &branes. To test this, HeLa cells were transiently transfected with
epitope-tagged SseJ and SifA, either alone or together, and
monitored for alteration of the endosomal/lysosomal compart-
ment. SseJ alone localized to membranous, LAMP1-positive,
late endosomal/lysosomal vesicles (Figure 1A) and produced
the formation of globular membranous compartments as
observed previously (Ruiz-Albert et al., 2002). SifA alone was
diffusely cytoplasmic and occasionally localized to the plasma
membrane but did not exclusively colocalize with LAMP1
(Figure 1B). Other studies have reported that ectopic expression
of SifA induces filamentation of lysosomal membranes (Brumell
et al., 2001a); however, we rarely observed this phenotype
(< 0.1% of SifA expressing cells, Figure 1E). In contrast, HeLa
cells coexpressing SseJ and SifA exhibited a 100-fold increase
(15.4% ± 3.6%) in tubule-like extensions of SseJ-coated late en-
dosomes/lysosomes (Figures 1C and 1E). We termed these
structures endosomal tubules (ET) and noted that they were
very similar in appearance to the phagosome tubules in Salmo-
nella-infected HeLa cells. In contrast, coexpression of SifB,
a WxxxE effector with 26% identity and 46% similarity to SifA,
with SseJ did not induce ET (Figure 1D), and SifB localization
was identical to its expression alone (Figure S1 available online).
The significant increase of ET upon coexpression of SseJ and
SifA indicated that SifA and SseJ likely cooperate and that
coexpression of these proteins can be used to study membrane
tubulation.
The Conserved Motifs of SseJ and SifA Are Important
for Endosomal Tubulation
To determine whether SseJ enzymatic activity contributes to ET,
SseJ containing mutations in the catalytic triad residues, which
are essential for enzymatic activity and virulence in mice (Ohlson
et al., 2005), was coexpressed with SifA in HeLa cells and
analyzed for ET. Catalytic triad mutant SseJ colocalized with
SifA like wild-type SseJ (data not shown); however, no ET were
observed (Figure 1E). These results demonstrate that the enzy-
matic activity of SseJ is essential for ET formation.
Unlike SseJ, the biochemical activities of SifA are poorly un-
derstood. SifA belongs to theWxxxE family of bacterial effectors
(Alto et al., 2006) and interacts with the host protein SKIP (Bou-
crot et al., 2005). To determine whether the conserved WxxxE
residues of SifA were important for ET formation, a mutant
AxxxA-SifA construct containing alanine substitutions of the
tryptophan (W197) and glutamic acid (E201) residues was coex-
pressed with SseJ. Despite normal expression and colocaliza-
tion (data not shown), ET induction in AxxxA-SifA-expressing
cells was reduced by 70% compared to wild-type SifA, as only
4.6% ± 1.5% of SseJ and mutant SifA cotransfected cells
expressed ET compared with 15.4% ± 3.6% for SseJ and
wild-type SifA (Figure 1E). Consistent with these observations,
DsifA S. typhimurium expressing AxxxA-SifA was attenuated
for phagosome tubulation (8.0% ± 1.8%) compared to DsifA ex-
pressing wild-type SifA (22.1% ± 1.8%) (Figure 1F). This differ-
ence was not due to altered translocation because equivalent
translocation was observed (Figure S2). These results provide
further support that the WxxxE motif contributes to the function
of SifA. The dual requirement of the conserved motifs of SseJ
and SifA supports the hypothesis that cooperation between their
activities is important to ET formation.Microbe 4, 434–446, November 13, 2008 ª2008 Elsevier Inc. 435
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SifA and SseJ Cooperate via SKIP and Rho GTPasesFigure 1. SseJ and SifA Induce Endosomal Tubulation
(A) HeLa cells expressing HA-SseJ were stained with anti-HA (red) and anti-LAMP1 antibodies (green). SseJ localized to LAMP1-positive compartments (arrow).
Scale bar, 10 mm.
(B) HeLa cells expressing GFP-SifA (green) were stained with anti-LAMP1 (red) antibodies. Occasional colocalization with LAMP1 is indicated (arrow).
(C) HeLacellsexpressingHA-SseJandGFP-SifAwerestainedwithanti-HA(red)antibodies.SomeSseJ-localizedmembranes (arrows) formedendosomal tubules (ET).
(D) HeLa cells expressing HA-SseJ and GFP-SifB were stained with anti-HA (red) antibodies. SseJ and SifB occasionally colocalize (arrow).
(E) The percent cotransfected cells with ET ± SD in HeLa cells expressing HA-SseJ alone, GFP-SifA alone, HA-SseJ and GFP-SifA, HA-SseJ and mutant AxxxA-
GFP-SifA, or catalytic mutant 3x-HA-SseJ and GFP-SifA is shown.436 Cell Host & Microbe 4, 434–446, November 13, 2008 ª2008 Elsevier Inc.
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SifA and SseJ Cooperate via SKIP and Rho GTPasesET Formation Involves Microtubules and SKIP
To determine whether ET induced by SifA and SseJ was similar
to the phagosome tubules induced during infection, we analyzed
ET for the known properties of phagosome tubulation; LAMP1
colocalization, nocodazole sensitivity, and SKIP dependence
(Boucrot et al., 2005; Garcia-del Portillo et al., 1993). Like phag-
osome tubulation, ET induced by SseJ and SifA stained posi-
tively for LAMP1 (Figure 2A). In addition, nocodazole treatment
completely inhibited ET formation; however, cytochalasin D had
no effect, similar to Salmonella-induced phagosome tubulation
(Brumell et al., 2002; Garcia-del Portillo et al., 1993) (Figure 2B).
Together, these results suggest that ET form from late en-
Figure 2. Tubulated Endosomes Induced by
SseJ and SifA Colocalize with LAMP1 and
Require Microtubules and SKIP for Forma-
tion
(A) HeLa cells expressing myc-SseJ and HA-SifA
were stained with anti-LAMP1 (green) and anti-
myc (red) antibodies. ET colocalize with LAMP1
(arrow). Scale bar, 10 mm.
(B) HeLa cells coexpressing SseJ and SifA were
treated with cytochalasin D or nocodazole, and
the percent cotransfected cells with ET ± SD is
shown.
(C) HeLa cells expressing HA-SseJ, GFP-SifA
(green), and myc-SKIP were stained with anti-HA
(red) and anti-myc (blue) antibodies. SKIP, SifA,
and SseJ colocalize at the cell periphery (arrow).
(D) An inset of a large HeLa cell expressing the
same plasmids as in (C) and stained with anti-HA
(blue) and anti-myc (red) antibodies shows an
area of ET with SKIP localized to ET (arrow) near
the cell edge (white line).
(E) Nontargeting control siRNA or SKIP siRNA was
cotransfected into HeLa cells with HA-SseJ and
GFP-SifA plasmids for 72 hr, and the percent
cotransfected cells expressing ET in the presence
of each RNAi ± SD was determined.
dosomal/lysosomal compartments and
move along microtubules.
SKIP is a mammalian protein essential
for phagosome tubulation, which binds
to SifA and the microtubule motor kinesin
(Boucrot et al., 2005). In cells coexpress-
ingSseJ, SifA, andSKIP, all threeproteins
colocalized in clusters toward the cell pe-
riphery (Figure 2C). When exogenously
expressed, SKIP colocalized more exclu-
sivelywith SifA thanSseJ, andSKIP local-
ized to ET at the cell periphery (Figure 2D).
This likely resulted from its interactionwith
kinesin, producing outward movement
toward the plus-ends of microtubules.
The localization of SKIP to ET at the cell
edge suggested that SKIP might contrib-
ute to ET formation via its interaction
with kinesin. In HeLa cells subjected to SKIP siRNA, only 3.0%
± 1.8% of cells coexpressing SseJ and SifA had ET (Figure 2E)
compared to 11.4% ± 3.5% in cells with nontargeting siRNA. Al-
though a lack of anti-SKIP antibody precluded confirmation of
SKIP depletion, these results are consistent with work showing
that SKIP siRNA inhibits phagosome tubulation (Boucrot et al.,
2005) and indicate that SKIP is important for ET. Therefore, our
findings strongly support the notion that ET induced by exoge-
nous SifA and SseJ recapitulates the molecular cooperation be-
tweenSifAandSseJduringS. typhimurium infection. Importantly,
it is also evident that ET form through a dual mechanism that in-
volves the SifA-SKIP interaction and SseJ enzymatic activity.
(F) HeLa cells infected with wild-type, DsifA, DsifA expressing wild-type SifA-int.HA, or DsifA expressing mutant AxxxA-SifA-int.HA S. typhimurium for 9 hr were
analyzed for percent infected cells with phagosome tubulation ± SD.Cell Host & Microbe 4, 434–446, November 13, 2008 ª2008 Elsevier Inc. 437
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SifA and SseJ Cooperate via SKIP and Rho GTPasesSseJ and Constitutively Active RhoA Family GTPases
Induce Endosomal Tubulation
The presence of the WxxxE motif suggested that SifA may func-
tion tomimic a specificGTPase. However, in contrast to the actin
cytoskeleton phenotypes observed for other WxxxE effectors
(Alto et al., 2006), actin staining in cells expressingSifAdid not ex-
hibit alterations in lamellipodia, filopodia, or stress fiber formation
(data not shown). Interestingly, a yeast two-hybrid screen using
a mammalian spleen cDNA library and full-length SseJ as bait
identified five independent interacting clones that encoded full-
length RhoA or RhoC cDNAs, suggesting that SseJ can bind
these GTPases (data not shown). Therefore, various epitope-
tagged GTPases, including RhoA, RhoB, RhoC, Rac1, Cdc42,
and Rab7, were assayed for the ability to induce ET by coexpres-
sionwith SseJ in HeLa cells. Remarkably, expression of constitu-
tively active RhoA, RhoB, and RhoC with SseJ induced ET (Fig-
ures 3A, 3B, and 3C), indicating that SifA could have a parallel
activity to these highly similar small GTPases. Despite weaker
staining for RhoA due to differing antibody quality, ET induced
by RhoA, RhoB, and RhoC were virtually identical, and there
were no differences between them in regard to colocalization
with SseJ. In contrast, no ET were observed when SseJ was
coexpressedwithRac1,Cdc42, orRab7 (Figures 3D, 3E, and3F),
despite recruitment of Cdc42 to the endosome membrane
by SseJ (Figure 3E). These results suggest that SifA could mimic
or activate RhoA, RhoB, and/or RhoC. If this were the case, then
GTP-boundRhoAshould inducemoreET thanGDP-boundRhoA
when coexpressed with SseJ. Indeed, ET were observed in
14.7% ± 1.9% of cells expressing SseJ and constitutively active
RhoA, comparedwith only 3.4%±1.4%and1.3%±1.0%of cells
expressing SseJ and wild-type or dominant-negative RhoA,
respectively (Figure 3G). Similar to expression of SifA alone,
RhoA expression alone did not induce ET (data not shown).
Thus, coexpression of SseJ with activated RhoA family GTPases
can induce ET in the absence of SifA, probably as a result of re-
cruitment of the activated GTPase to the endosome membrane.
SseJ and RhoA Form a Protein Complex
Our observation that SseJ and RhoA family members interact in
the Y2H assay and can cooperate to induce ET suggested that
they directly bind. To test this, purified His-SseJ was mixed
with GST-RhoA or GST control protein and immunoprecipitated
with anti-His antibodies. His-SseJ coimmunoprecipitated GST-
RhoA, but not GST alone (Figure 4A), providing further evidence
that SseJ binds RhoA. Purified His-SseJ and GST-RhoA were
also mixed and analyzed by size exclusion chromatography
(SEC). SseJ alone eluted according to its molecular weight,
and GST-RhoA alone eluted predominantly as a GST-dimer;
however, when His-SseJ and GST-RhoA were preincubated
together, a novel peak corresponding to a molecular weight of
two His-SseJ for each GST-RhoA dimer appeared (Figure 4B).
Immunoblotting confirmed the presence of both proteins in the
novel peak (Figure 4C), demonstrating that SseJ and RhoA di-
rectly bind in the absence of accessory proteins and their native
intracellular environments.
SifA Interacts Indirectly with SseJ
If SifA were a structural mimic of RhoA family GTPases, then SifA
and SseJ might directly interact. Therefore, GST-SifA, GST-438 Cell Host & Microbe 4, 434–446, November 13, 2008 ª2008 ElsRhoA, and GST control protein bound to glutathione beads
were incubated with lysate from cells expressing myc-SseJ
and analyzed for interaction with SseJ. Immunoblotting revealed
that GST-RhoA and GST-SifA specifically precipitated myc-
SseJ, suggesting that SseJ interacts with SifA in addition to
RhoA (Figure 4D). However, the interaction of SseJ with SifA
appeared to be weaker than with RhoA, and attempts to demon-
strate direct binding between SseJ and SifA with purified
proteins and the Y2H assay were unsuccessful (data not shown),
indicating that other mammalian cofactors may be required for
SifA and SseJ to interact. Thus, the interaction between SifA
and SseJ appears to be indirect.
The Amino-Terminal Domain of SifA Interacts with SKIP
To provide further insight into the protein-protein interaction
network required for ET, the interaction of SKIP with SifA was
analyzed. Previously, the PH domain (PHD) of SKIP was shown
to be necessary and sufficient to bind SifA in vitro (Boucrot
et al., 2005). To identify the PHD-interacting regions in SifA,
His-tagged fragments of SifA were purified and tested for bind-
ing to SKIP. SifA residues 1–330 (lacking the CaaX motif) bound
to SKIP PHD (residues 774–883), but a C-terminal fragment, res-
idues 101–330 containing the WxxxE motif, did not interact
(Figure 5A), indicating that the N terminus of SifA binds to
SKIP. To further validate the interaction, GST-PHD and His-
SifA (1–330) were coexpressed in E. coli and purified to homoge-
neity. These proteins formed a stable complex that could be
purified by SEC (data not shown) and exhibited a dissociation
constant of 2.58 mMasmeasured by isothermal titration calorim-
etry (Figure 5B). These results demonstrate that the amino-termi-
nal domain of SifA mediates the interaction with SKIP.
Specific Recognition of SKIP by the Amino Terminus
of SifA
To gain a greater understanding of the SifA-PHD interaction, the
SifA-PHD protein complex isolated by SEC was crystallized and
the structure solved using selenium multiple-wavelength anom-
alous diffraction (MAD). The final atomicmodel was refined to the
resolution 2.6 A˚ with crystallographic working and free factors
25.8% and 28.8%, respectively (Table S1). One SifA-PHD com-
plex is present in each asymmetric unit, and their interaction
results in a 1:1 stoichiometric complex, with a total burial of
1020 A˚2 surface area (Figure 5C). SKIP PHD exhibits a typical
PH domain fold, with seven strands forming a barrel-like struc-
ture blocked by an a helix at one end, while SifA consists of
two separately folded domains. The N-terminal PHD-interacting
domain of SifA contains a five-stranded b sheet flanked by three
helices, and the C-terminal WxxxE-containing domain contains
two three-helix bundles that form a V-shaped structure. The
interaction between the N- and C-terminal domains of SifA is
mediated by a C-terminal antiparallel b sheet that packs against
one of the two N-terminal three-helix bundles.
Consistent with our previous results, the SifA-SKIP interaction
is exclusively mediated by the N terminus of SifA (Figure 5C).
Specific recognition of SifA by PHD is achieved through a large
network of hydrogen bonds and van der Waals contacts. Specif-
ically, four pairs of main chain hydrogen bonds form an antipar-
allel b sheet between SifA and PHD, dominating their interaction
(Figure 5D). Mutational analyses confirm the importance ofevier Inc.
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SifA and SseJ Cooperate via SKIP and Rho GTPasesFigure 3. SseJ Induces Endosomal Tubulation with RhoA, RhoB, and RhoC, but Not Rac1, Cdc42, or Rab7
(A–F) HeLa cells coexpressing HA-SseJ and constitutively active (CA) myc-RhoA (A), myc-SseJ and CA HA-RhoB (B), myc-SseJ and CA HA-RhoC (C), HA-SseJ
and CAmyc-Rac1 (D), myc-SseJ and CA HA-Cdc42 (E), or myc-SseJ and wild-type (WT) HA-Rab7 (F) were stained with anti-HA (green) and anti-myc (red). SseJ
induced ET (arrows) with RhoA, RhoB, and RhoC, but not with Rac1, Cdc42, or Rab7. Scale bar, 10 mm.
(G) The percent cotransfected cells with ET ± SD in HeLa cells expressing HA-SseJ and wild-type (WT) myc-RhoA, dominant-negative (DN) myc-RhoA, or
constitutively active (CA) myc-RhoA is shown.Cell Host & Microbe 4, 434–446, November 13, 2008 ª2008 Elsevier Inc. 439
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SifA and SseJ Cooperate via SKIP and Rho GTPasesFigure 4. SseJ Interacts with RhoA and SifA
(A) Samples containing purified His-SseJ and GST-RhoA or GST control were immunoprecipitated (IP) with anti-His antibodies. Flowthrough (FT) and IP samples
for each reaction were immunoblotted with anti-His (top) and anti-GST (bottom) antibodies. The faint reactive band above His-SseJ is the immunoglobulin heavy
chain.
(B) Size exclusion chromatography profiles of His-SseJ alone (red), GST-RhoA alone (green), and His-SseJ plus GST-RhoA (blue) are plotted as elution volume
versus UV absorbance. Size standards are shown above the graph, and fractions are below the graph. A novel peak corresponding to 2:2 His-SseJ:GST-RhoA is
indicated (red arrow).
(C) Fractions corresponding to peaks eluted by size exclusion chromatography in (B) were immunoblotted with anti-His (top) and anti-GST (bottom) antibodies.
(D) GST-RhoA-, GST-SifA-, and GST-bound glutathione beads were incubated with lysate from HeLa cells expressing myc-SseJ and immunoblotted with
anti-myc antibodies (top). Coomassie staining (bottom) shows the GST protein present in each sample. Additional bands in the GST-SifA lane are degradation
fragments.hydrogen-bonding residues L130 and M131 in SifA and R831,
C870, G829, and R832 in PHD, as purified SifA or PHDwith these
mutations exhibit abolished or reduced binding to wild-type PHD
or SifA in vitro, respectively (Figure 5E). In addition, ET formation
was reduced when a SKIP-binding mutant, L127I-M131D-SifA,
was coexpressed with SseJ (Figure 5F), supporting our previous
conclusion that SifA-SKIP binding is important for ET.
The C Terminus of SifA Is Similar to the Guanine
Nucleotide Exchange Factor SopE
A database search using DALI was performed to determine
whether SifA had similarity to known structures of GTPases,
but none shared structural homology with SifA. However, this
analysis revealed that the S. typhimurium SPI1 TTSS effector
SopE, which activates the host GTPases Rac1, Cdc42, and
RhoG by guanine nucleotide exchange factor (GEF) activity
(Hardt et al., 1998), was the closest structural homolog of the
SifA C terminus, with a root-mean-square deviation (RMSD) of
3.8 A˚ over 106 a carbon atoms. This structural comparison indi-
cates that SifA may be a member of the GEF family of proteins.440 Cell Host & Microbe 4, 434–446, November 13, 2008 ª2008 ElsSuperposition of the SifA-PHD and SopE-Cdc42 (Buchwald
et al., 2002) complexes (Figure 6A) demonstrated that the poten-
tial GTPase-binding site of SifA is located far from SKIP and is
available for binding other protein(s). Interestingly, some of the
Cdc42-interacting residues of SopE are conserved in SifA
(Figure 6B). The residues in the catalytic loop of SopE that inter-
act with the two switch loops of Cdc42 are also similar to those in
the corresponding loop of SifA in that they are all hydrophobic.
Binding of Cdc42 to SopE may contribute to the comparatively
large conformational difference between SopE and SifA around
the region of the catalytic loop. To further support the idea
that SifA exhibits a GEF-like conformation, SifA was found to
specifically precipitate the GDP-bound form of RhoA, but not
GTP-bound RhoA (Figure 6C), indicating that, like GEFs, SifA
preferentially interacts with GDP-bound GTPases. However, no
GEF activity was specifically detected with purified SifA alone
(data not shown), indicating that other unidentified bacterial or
host factors may be required.
The WxxxE motif is conserved among the family of bacterial
TTSS effectors with GTPase mimicry activity and is requiredevier Inc.
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SifA and SseJ Cooperate via SKIP and Rho GTPasesfor their function. Our structure reveals that the WxxxE motif of
SifA is located on a helix 6, around the junction region of the
two three-helix bundles in the C terminus. W197 in the WxxxE
motif plays an important role in maintaining the local structural
integrity by making extensive hydrophobic contacts with
M261, the a carbon atom of P257, and I258 (Figure 6D). Due to
these interactions, W197 is completely buried and solvent inac-
cessible. Additionally, E201 in the WxxxE motif further stabilizes
a helix 8 by interacting with I258 through a hydrogen bond and
hydrophobic contact (Figure 6D). Thus, in SifA, this motif likely
plays an important role in maintaining a proper conformation of
the loop preceding a helix 8, which is the counterpart of the cat-
alytic loop in SopE. Therefore, it is plausible that mutations in the
WxxxE motif alter the surface conformation of residues impor-
tant for protein binding, and thismay be themechanism bywhich
WxxxE-motif mutations reduce activity of SifA and other family
members. Together, our results suggest that SifA and SseJ co-
operate through interactions with SKIP and RhoA family
GTPases to induce ET, and other unidentified mammalian pro-
teins likely participate in this process (Figure 7).
DISCUSSION
Since the original observation thatS. typhimurium induces phag-
osome tubulation, elucidation of the contributing factors and
their molecular mechanisms has been occult. Here, we show
that two SPI2 effector proteins, SseJ and SifA, cooperatively in-
duce endosomal membrane tubulation (ET), which, like Salmo-
nella-induced phagosome tubulation, required microtubules
and SKIP. Furthermore, SseJ was found to bind RhoA and in-
duce ET with the GTP-bound form. The structure of the SifA-
SKIP PHD complex demonstrated that the N terminus of SifA
binds SKIP, while the C terminus folds similar to the SPI1 GEF
SopE. In addition, SifA was shown to interact with the GDP-
bound form of RhoA, as would be expected for a GEF. These re-
sults suggest that both SseJ and SifA interact in a protein com-
plex with SKIP and RhoA family GTPases as a mechanism to
promote phagosome tubulation.
Our observation that expression of SseJ and SifA recapitu-
lated phagosome tubulation was surprising since previous re-
ports suggested that SseJ is not required for phagosome tubu-
lation (Birmingham et al., 2005) and that SifA expressed alone,
or with the SPI2 effector SopD2, induces LAMP1-positive fila-
mentous structures (Brumell et al., 2001a; Jiang et al., 2004).
However, we only rarely observed ET on expression of SifA alone
or with SopD2 using a variety of different cell lines (data not
shown). These differences could reflect experimental techniques
since others have measured SifA-induced phenotypes using
LAMP1 staining. Assaying specifically for SseJ-localized com-
partments revealed an increase in SifA-induced ET, indicating
that, even if SifA alone can induce ET at low frequency, the activ-
ity is increased in the presence of SseJ. In the absence of SseJ,
other S. typhimurium effectors with redundant membrane-alter-
ing activities likely contribute to phagosome tubulation in vivo. A
redundant effector scenario is not without precedent, as effec-
tors in other TTSS, including those encoded on SPI1 required
for S. typhimurium invasion, have been demonstrated to have
overlapping and/or redundant functions (Staskawicz et al.,
2001). For example, deletion of at least three SPI1 effectors,Cell Hostincluding the GEF SopE, is required for strains to exhibit reduced
bacterial invasion and ruffling phenotypes (Zhou et al., 2001),
while exogenous expression of a single effector in mammalian
cells will produce membrane ruffling.
Previous work on WxxxE-containing bacterial effector pro-
teins indicated that they mimicked the activities of different
Rho GTPases (Alto et al., 2006). Expression of Map, IpgB1,
and IpgB2 produced the classic GTPase-specific actin cytoskel-
eton effects of filopodia, lamellipodia, and stress fibers, respec-
tively, which allowed characterization of their activities. Although
SifA-expressing cells did not exhibit the actin cytoskeleton
phenotype of any activated GTPase, including the stress fibers
characteristic of RhoA, our work provides evidence that a prop-
erty of SifA is to stimulate RhoA family GTPase signaling path-
ways on the phagosome membrane, as constitutively active
RhoA, RhoB, and RhoC were able to substitute for SifA in coop-
erating with SseJ to induce ET. Moreover, the SifA structure re-
vealed that SifA contains a C-terminal domain that resembles the
GEF SopE. This structural observation is consistent with the re-
sult that SifA can interact with the GDP-bound form of RhoA, as
would be expected for a GEF. Though preliminary attempts to
detect SifA GEF activity for RhoA were unsuccessful (data not
shown), it is plausible that additional proteins could be essential
for SifA GEF activity or that RhoA may not be the SifA substrate.
The native substrate of SifA could be RhoB or RhoC, since they
are also competent to induce ET with SseJ, and like mammalian
GEFs, SifA could be GTPase specific. RhoB is an attractive
candidate for the specific activity of SifA since it localizes to traf-
ficking vesicles in mammalian cells (Adamson et al., 1992). We
attempted to identify whichGTPase participates in ET by screen-
ing for reduced ET in the presence of siRNA targeting each RhoA
family GTPase, and we found that ET were reduced when
RhoABC or RhoC alone were depleted (data not shown). How-
ever, since these proteins are important for cell cycle and their
depletion can result in major alterations to the cytoskeleton,
this method could have indirect effects that may not directly
relate to mechanisms of ET induction.
Interestingly, SifA contains a stretch of residues (243–257) that
is unique among WxxxE effectors (Alto et al., 2006). In the struc-
ture of SifA, this region appears to be stabilized by W197 of the
WxxxE motif and is analogous to the catalytic loop of SopE that
interacts with Cdc42 (Buchwald et al., 2002), suggesting that the
same region of SifA may also be involved in interactions with
RhoA family GTPases. Consistent with this idea, mutating
W197 and E201 reduced the ET-inducing activity of SifA (Fig-
ure 1F). Therefore, though it is unknown whether SifA functions
to bind or activate GTPases, we tentatively conclude that, rather
than functioning independently of small GTPases, as originally
postulated for the WxxxE family, SifA interacts with GDP-bound
RhoA family GTPases as a mechanism to manipulate host cell
processes. In addition, it is possible that SifA binds and/or acti-
vates RhoA as a mechanism to modulate the activity of SseJ
since it also binds RhoA.
Importantly, this study also demonstrated the structural basis
of the interaction of SifA with the kinesin-binding protein SKIP
and provided additional evidence that the SifA-SKIP complex
is essential to ET. The crystal structure of the PH domain of
SKIP with SifA provided fine detail of the interaction between
SKIP and the amino-terminal domain of SifA, and mutants& Microbe 4, 434–446, November 13, 2008 ª2008 Elsevier Inc. 441
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SifA and SseJ Cooperate via SKIP and Rho GTPasesgenerated based on the interface provided additional evidence
that the interaction of SKIP with SifA is essential to ET. Thus,
SKIP likely facilitates ET by linking SifA protein complexes to
the microtubule network.
Our results indicate that at least four proteins are required to
induce ET. This leads to a working model for the mechanism of
membrane tubulation, as depicted in Figure 7. Lipidated SifA
localizes to the membrane and binds SKIP via its N terminus,
which could serve to link SifA and the membrane to the microtu-
bule network by binding to kinesin. Moreover, this interaction
could also provide the direction and stability for membrane tubu-
lation. SifA could also bind membrane-associated GDP-bound
RhoA (or RhoB or RhoC) via its C terminus and possibly activate
it through GEF activity. Since SseJ also interacts with RhoA,
RhoA may link SseJ and SifA on the membrane, and possibly
Figure 6. SifA Contains a C-Terminal Fold Similar to
SopE and Interacts with GDP-RhoA
(A) Overlay of SifA-PHD and SopE-Cdc42 (pink-gold, pdb
entry:1GZS) complexes is shown from two angles. The inter-
face of SopE-Cdc42 and overlay with SifA is outlined in red.
(B) A close-up of the residues in the catalytic loop of SopE
(pink, red labels) and the corresponding loop and residues in
SifA (white, blue labels), outlined in red in (A). The two switch
loops of Cdc42 that contact SopE are also shown (green).
(C) GST-SifA or GST control protein bound to glutathione
beads was incubated with HeLa cell lysate expressing wild-
type (WT), dominant-negative (DN), or constitutively active
(CA) myc-RhoA and immunoblotted using anti-myc (top) anti-
bodies. Coomassie staining shows the GST proteins in each
sample (bottom).
(D) The WxxxE motif stabilizes the a helix following the loop
that is similar to the catalytic loop of SopE shown in (B).
E201 in the motif makes a hydrogen bond with I258 (dotted
line), while W197 makes hydrophobic contacts with the side
chains of several neighboring residues (stick representations)
and is completely solvent inaccessible.
other mammalian binding partners interact with
the SKIP/SifA/RhoA/SseJ complex through addi-
tional direct protein-protein interactions. Each of
the proteins in the complex appears to be required
for membrane tubulation to occur, and it is possible
that their interaction influences the specific activity
of each other.
Precedent for the analysis of membrane tubula-
tion has been established by analyzing cultured
cells treated with Brefeldin A (BFA), which causes
tubulation of Golgi membranes (Lippincott-
Schwartz et al., 1991). BFA inactivates the secretory GTPase
Arf, causing Golgi compartments to elongate and fuse with the
ER, creating tubular structures (Nebenfuhr et al., 2002). Interest-
ingly, BFA tubulation is blocked when cytoplasmic phospholi-
pases are inhibited (de Figueiredo et al., 2001), suggesting that
phospholipases are required for BFA tubulation, and this may
be similar to the requirement of SseJ activity for ET. Additional
proteins may also participate in ET, such as BAR domain-con-
taining proteins, which induce membrane tubulation in vitro by
sensing and maintaining membrane curvature (McMahon and
Gallop, 2005). Regardless of the specific mechanism, our work
indicates that SifA and SseJ recruit protein complexes that link
GTPase activity and membrane alteration with movement along
microtubules. This is consistent with live videomicroscopy of
S. typhimurium-infected HeLa cells, which indicates that
Figure 5. Structure of SifA Complexed with the PH Domain of SKIP
(A) His-tagged SifA, residues 1–330 or 101–330, were immobilized on Ni+ resin, incubated with the PH domain (PHD) of SKIP (774–883), washed, resolved by
SDS-PAGE, and stained with Coomassie blue.
(B) A binding constant of 2.58 mM between SifA (1–330) and PHD (774–883) was determined by isothermal titration calorimetry.
(C) Overall structure of the SifA-PHD complex shown in cartoon representation. SifA and PHD are colored in periwinkle/yellow and blue/pink, respectively.
Secondary structural elements are labeled, and the interface between SifA and PHD is outlined in red. Structure representations were made using PyMol.
(D) A close-up of the side chains in SifA (black labels) and PHD (pink labels) at the interface highlighted in red in (B) is shown in stick representation. Hydrogen
bonds are shown (dashed lines).
(E) Wild-type or point mutant His-SifA immobilized on Ni+ resin was incubated with wild-type or point mutant PHD protein, washed, resolved by SDS-PAGE, and
stained with Coomassie blue.
(F) The percent cotransfected cells exhibiting ET ± SD in HeLa cells coexpressing HA-SseJ and GFP-SifA or L127I-M131D-GFP-SifA is shown.Cell Host & Microbe 4, 434–446, November 13, 2008 ª2008 Elsevier Inc. 443
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and directional motility (http://faculty.washington.edu/merza/
sifdynamics, courtesy of Alex Merz and Maggie So).
One of the most fascinating yet perplexing questions regard-
ing S. typhimurium pathogenesis is what is the function of phag-
osome tubulation with respect to intracellular replication and
virulence in animals? Perhaps directional phagosomemovement
in infected cells is necessary for nutrient acquisition. Or, the bac-
teria could be attempting to move in a directional manner, such
as through polarized epithelia, to the plasma membrane or to
accomplish cell-to-cell spread. Tubular endo/lysosomal struc-
tures containing MHC class II antigen have been shown to
form in dendritic cells in response to exposure to bacterial LPS
and capsule (Stephen et al., 2007; Vyas et al., 2007), suggesting
that ET may be a host mechanism for movement of bacterial
products that has been co-opted by salmonellae. The relevance
of dendritic cell membrane tubulation to MHC presentation
remains to be established; however, it is interesting to note that
S. typhimurium inhibits MHC class II presentation in a SifA-
dependent manner (Mitchell et al., 2004). Although the exact
function of phagosome tubulation is currently undefined, the dis-
covery reported here that SifA and SseJ can interact with host
GTPases and promote manipulation of host membranes should
allow such questions to be better addressed and should provide
a bounty of information about bacterial mechanisms that pro-
mote intracellular replication and mammalian proteins involved
in vesicular traffic.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Mammalian Cultured Cells
A complete description of plasmids, strains, and oligonucleotides used in this
study is provided in the Supplemental Data and Table S2.
Transfection of Plasmids and RNAi
Plasmids were purified using Endo-free Maxi kits (QIAGEN) and transfected
using FuGENE6 (Roche) according to manufacturers’ instructions for 24 hr.
Figure 7. A Model of the Contribution of SifA, RhoA, SseJ, and SKIP
to Endosomal Tubulation
SifA (light blue) localizes to the membrane via its lipid modification where its
N terminus binds SKIP (blue), a protein that also binds kinesin (orange). SseJ
(green) may alter membrane phospholipids (gray rectangles) via its enzymatic
activity (starburst). Lipidated RhoA (or RhoB/C) (red) may be recruited to the
membrane in the GDP-bound state (square) by binding to SifA or may be
recruited by binding to SseJ. GTPase effector proteins (purple) would interact
with RhoA in the activated GTP-bound form (star), either as a result of selective
recruitment or via SifA’s putative GEF activity. In addition, other unidentified
proteins may participate (triangle). The cooperation of SseJ/RhoA/SifA/SKIP
protein complexes at regions of SseJ-induced membrane alteration likely
induces membrane tubulation via movement along microtubules (gray).444 Cell Host & Microbe 4, 434–446, November 13, 2008 ª2008 ElseNontargeting control and anti-SKIP siRNA oligonucleotides (Dharmacon)
were cotransfected with DNA plasmids using FuGENE6 for 72 hr.
Indirect Immunofluorescence and Deconvolution Microscopy
Infected or transfected cells were processed as described in Ohlson et al.
(2005). All antibodies were incubated at 1:200 for 1 hr in blocking buffer (phos-
phate-buffered saline with 5%bovine serum albumin, 5 mMEDTA, 0.2% sapo-
nin, and 5% donkey serum) unless indicated, including the following: mouse
anti-LAMP1 (1:100), mouse anti-HA, mouse anti-myc, rabbit anti-myc, rabbit
anti-LPS (Difco); tetramethyl rhodamine isothiocyanate (TRITC)-andfluorescein
isothiocyanate (FITC)-conjugated donkey anti-mouse; and TRITC-, FITC-, and
Cy5-conjugated donkey anti-rabbit (Jackson). Mouse anti-LAMP1 (H4A3) de-
veloped by J. Thomas August and James E.K. Hildreth was obtained from the
Developmental Studies Hybridoma Bank, developed by the NICHD, and main-
tained by theU. of Iowa,Biological SciencesDept., IowaCity, IA 52242.Micros-
copy images were collected with a DeltaVision restoration microscopy system
(Applied Precision) using anOlympus 603 PlanApoNA 1.4 objective with green
(ex 490/20, em 528/38), red (ex 555/28, em 617/73), and far-red (ex 640/20, em
685/40) filters. Imageswere captured with a Photometrics CH350CCD camera
(Roper Scientific), deconvolved using SoftWorx software (Applied Precision),
converted to 16 bit color files, and cropped in Photoshop (Adobe).
Phagosome Tubulation and Endosomal Tubulation Quantitation
S. typhimurium infection of HeLa cells was performed as described previously
(Ohlson et al., 2005). Infected cells were stained with anti-LPS and anti-LAMP1
antibodies and scored for phagosome tubulation by counting 120 infected
cells each on three separate coverslips in at least three experiments, and
the percent infected cells with tubulated phagosomes was calculated ± SD.
To quantify endosomal tubulation (ET), cotransfected cells stained for the
SseJ-tag were scored for ET by counting 120 cotransfected cells each on
two separate coverslips in at least three separate experiments, and the
percent cells with ET was determined ± SD.
GST Precipitation
Fifty ml cultures containing GST-RhoA or GST-SifA expression plasmids were
grown at 37C, inducedwith 1mM IPTG for 3 hr, resuspended in 2ml PBS/DTT
buffer (phosphate buffered saline [PBS]with 5mMdithiothreitol [DTT] and com-
plete EDTA-free protease inhibitor tablets [Roche]), sonicated on ice six times
for 30 s to lyse, andclarified bycentrifugation at 14K for 30minat 4C.GSTpro-
tein lysate or 100mgGSTcontrol was incubatedwith 100ml glutathione agarose
beads for 1 hr at 4C and washed three times with PBS/DTT buffer. The lysate
from 10 cm dishes with 13 106 HeLa cells transfected with myc-SseJ or myc-
RhoA, lysed in 500 ml NP-40 buffer (50 mM Tris [pH 8], 150 mM NaCl, 5 mM
EDTA, 1% NP-40, protease inhibitor tablets [Roche]), and clarified by centrifu-
gation at 14K for 20min at 4Cwere incubatedwith theGSTprotein-boundglu-
tathione beads overnight at 4C with rotation. The beads were washed three
times with 1 ml NP-40 buffer and resuspended in 40 ml sample buffer. Lysate
and glutathione bead samples were resolved by SDS-PAGE and stained with
Coomassie or immunoblotted with mouse anti-myc antibodies.
Coimmunoprecipitation
PurifiedHis-SseJwasmadeasdescribed previously (Ohlson et al., 2005).GST-
RhoA (cytoskeleton) andGSTprotein used for coimmunoprecipitation andSEC
were purchased. His-SseJ (5 mg) was mixed with 5 mg GST-RhoA or 5 mg GST
protein in 200 ml PBS and incubated with 20 ml protein G agarose beads plus
0.5 mg mouse anti-His antibody (QIAGEN) at 4C with rotation. After 4 hr, the
beads were pelleted, washed five times with PBS, and resuspended in 40 ml
sample buffer. Samples were immunoblotted using anti-His and anti-GST
antibodies (Amersham).
Size Exclusion Chromatography
Equal molar His-SseJ and GST-RhoA were mixed in 200 ml PBS at 4C for 1 hr.
Samples containing His-SseJ alone, GST-RhoA alone, or premixed His-SseJ
and GST-RhoA were injected into a 24 ml bed volume sephadex-200 column
interfaced to an Acta FPLC (Amersham), and 1 ml elution fractions were col-
lected. Fractions were immunoblotted using anti-His (QIAGEN) and anti-GST
(Amersham) antibodies.vier Inc.
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Descriptionsof theproteinpurification, crystallization,datacollection, andstruc-
ture refinement methods are provided in the Supplemental Data and Table S1.
SifA-PHD Interaction Assay
Purified wild-type, truncated, or point mutant His-SifA (200 mg) bound to Ni+
resin was incubated with an excess of wild-type or point mutant GST-PHD
at room temperature for 1 hr. After washing with 25 mM Tris (pH 8.0) and
100 mM NaCl buffer, bound proteins were visualized by Coomassie staining.
Isothermal Titration Calorimetry
PHD (0.1 mM) was titrated against 9 uM SifA in a buffer containing 25 mM
HEPES (pH 8.0) and 150 mM NaCl at 25C, using a VP-ITC microcalorimeter
(MicroCal) and was analyzed using ORIGIN software (MicroCal Software,
Northampton, MA).
ACCESSION NUMBERS
Coordinates of the SifA-SKIP complex deposited in the Protein Data Bank
were assigned accession number 3CXB.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures, two
figures, and two tables and can be found with this article online at http://
www.cellhostandmicrobe.com/supplemental/S1931-3128(08)00291-6.
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